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ABSTRACT 


This  third  quarterly  progress  report  covers  research  in  halogen  passi¬ 
vation  accomplished  during  the  period  from  1  May  1966  to  31  July  1966. 
Various  passivation  techniques  involving  a  range  of  pressures  and  concentra¬ 
tions  of  fluorine  gas  and  interhalogens  were  investigated  using  stainless  steel 
316  and  Monel  400  powders.  The  effectiveness  of  the  passivation  processes 
was  determined  by  measuring  the  additional  reaction  of  the  treated  powders 
with  fluorine  gas.  Effects  of  atmospheric  moisture  on  fluoride  films  were 
investigated.  Reflection  electron  diffraction  patterns  were  made  of  fluoride 
fitm«  formed  on  copper  before  and  after  exposure  to  atmospheric  moisture. 
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SECTION  I 


INTRODUCTION  and  summary 


The  objective  of  the  experimental  work  described  in  this  report  has  been 
to  obtain  detailed  information  on  the  properties  of  passive  films  formed  on 
metal  surfaces  by  exposure  to  fluorine  and  certain  intex  halogen  compounds. 
The  means  of  obtaining  this  information  has  involved  investigation  of  the 
rates  and  mechanisms  of  film  formation,  of  the  composition  and  structure 
of  passive  films,  and  of  the  environmental  factors  leading  to  destruction  or 
alteration  of  passive  films. 

The  iuit.-il  experimental  work  involved  determining  comparative  rates 
of  film  formation  on  various  metal  and  alloy  powders  in  fluorine,  chlorine 
trifluoride,  and  Compound  A.  Rates  of  film  growth  for  periods  up  to  four 
hours  have  been  evaluated. 

Various  passivation  procedures  covering  ranges  of  time,  temperature, 
and  pressure  have  been  investigated  on  certain  alloy  powders.  The  efficiency 
of  passivation  is  interpreted  in  terms  of  the  amount  of  additional  fluorine 
taken  up  when  the  treated  metal  surface  is  exposed  to  fluorine  gas.  The 
effect  of  water  vapor  on  passive  films  on  stainless  steel  316  and  Monel  has 
been  studied. 

composition  and  structure  of  fluoride  filma  on  copper  were  inveati- 
jy  electron  diffraction  using  the  reflection  method  for  examining  films 
in  situ.  A  technique  for  forming  fluoride  films  on  metal  specimens  and 
introducing  them  into  the  electron  microscope  without  exposure  to  air  or 
moiature  h?s  b  >n  developed.  The  electron  diffraction  method  was  also 
used  for  determining  composition  changes  in  the  films  caused  by  exposure 
to  moisture  in  air. 


SECTION  n 

EXPERIMENTAL  EVALUATIONS 


1.  REACTION  OF  GASEOUS  COMPOUND  A  WITH  METAL  POWDERS 
a.  Procedure 

The  gravimetric  method  described  in  the  first  quarterly  report^ 
was  applied  to  the  investigation  of  the  reaction  between  Compound  A  vapor 
and  metal  powders.  As  in  the  experiments  with  chlorine  trifluoride,  net 
weight  losses  of  the  sample  tubes  were  observed,  and  it  was  necessary  to 
apply  corrections  to  the  data  to  compensate  for  weight  losses  of  the  glass. 
The  modified  procedure  and  method  of  calculation  are  described  in  the  last 
quarterly  report.  (^) ' 

The  following  expression  is  used  to  determine  the  mean  fluoride 
film  thickness  assuming  that  the  weight  gain  of  the  metal  powder  is  due 
exclusively  to  reaction  between  metal  and  Compound  A  to  form  a  fluoride 
film  of  normal  composition  and  density: 


where  W^ 

d 

R 

A 

P 

For  Monel  400  and  316  stainless  steel,  the  film  is  assumed  to  be  a 
mixed  fluoride  of  the  major  alloy  constituents  of  approximately  the  composi¬ 
tion  of  the  alloy.  For  nickel  200  and  aluminum  2.024,  the  fluoride  film  is 
assumed  to  be  the  fluoride  of  the  main  alloy  constituent.  Calculated  densities, 
molecular  weight  ratios,  and  surface  areas  are  given  in  Table  I. 

b.  Results  and  Discussion 

The  results  for  exposure  of  four  metals  and  alloys  to  Compound  A 
vapor  at  one  atmosphere  pressure  for  60  minutes  at  25°C  (77°F)  are  given 
in  Table  U.  The  net  weight  changes  obtained  for  316  stainless  steel  and 
Monel  400  samples  are  so  small  that  little  significance  can  be  attached  to 
the  calculated  film  thicknesses.  Somewhat  larger  net  weight  changes  were 
observed  for  nickel  200  and  aluminum  2024.  However,  the  calculated  film 
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weight  gain  of  metal  powder  (g) 
fluoride  film  thickness  in  angstrom  units 

ratio  of  molecula  ?  weight  of  metal  fluoride  co  molecular  weight 
of  fluorine  in  metal  fluoride 

2 

total  area  of  powder  sample  (cm  ) 
density  of  metal  fluoride  (g/ml) 
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TABLE  L  DENSITIES,  MOLECULAR  WEIGHT  RATIOS,  AND  SURFACE 

AREAS  USED  IN  CALCULATION  OF  FLUORIDE  FILM  THICKNESSES 


Metal 

or 

Alloy 

Fluoride 

Composition 

P 

(g/ml) 

R 

Surface 
Area 
(cm/  g) 

Ni  200 

NiF2 

4.63 

2.54 

2330 

316  SS 

(17CrF3  +  12NiFz  +  71FeF3) 

3.  72 

2.01 

1040 

Monel  400 

(70NiF2  +  30CuF2) 

4.51 

2.58 

2020 

A1  2024 


2.88 


1.48 


4830 
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thicknesses  are  only  about  half  those  observed  for  exposure  to  chlorine 
trifluoride  vapor  under  similar  conditions. 

2.  REACTION  OF  GASEOUS  FLUORINE  WITH  METAL  OXIDES 
a.  Introduction 


Most  of  the  metals  under  study  have  oxide  fibrvs  onthe  surfaces  which 
are  probably  at  least  20  to  50  lor  more  in  thickness.^)  This  is  considerably 
thicker  than  the  apparent  fluoride  film  thickness  produced  by  short  exposure 
to  gaseous  fluorine™  and  in  view  of  the  rapid  reaction  with  fluorine,  it  is 
evident  that  the  oxide  film  is  largely,  if  not  exclusively,  involved  in  the 
reaction.  This  implies  that  the  method  of  calculation  of  fluoride  film  thick- 
ness  based  on  the  following  reaction  is  not  correct: 

M  +  F2  — ►  MF2 

Instead,  the  following  reaction  is  involved: 


MO  +  F, 


mf2  +  jOz 


Methods  of  calculation  of  fluoride  film  thickness  based  on  the  first 
equation  will  yield  results  which  are  too  low.  This  applies  whether  a  gravi¬ 
metric  method  is  employed,  or  if  a  pressure  change  is  determined  in  a 
closed  system,  i.  e. ,  a  volumetric  method.  Zf  a  particular  metallic  oxide 
exists  in  an  intermediate  oxidation  state,  for  example  Cu^O,  another  reaction 
is  possible: 


Cu20  +  2F2 


2CuF, 


It  becomes  apparent  that  detailed  knowledge  of  the  nature  of  reaction 
of  fluorine  with  surface  oxide  films  is  important  before  any  accurate  estima¬ 
tion  of  fluoride  film  thickness  can  be  made. 

Although  a  large  amount  of  data  has  been  published  concerning  gas- 
solid  reactions  between  oxygen  and  metals,  relatively  little  is  known  concern¬ 
ing  reaction  of  fluorine  with  metal  oxides.  Haendler  et  al'*'  investigated  the 
reaction  of  CuO  with  fluorine  ibwt  300°C  (572°F)  and  noted  extensive  reaction. 
More  recently  Ritter  and  Smith'*'  noted  a  detectable  reaction  between  CuO 
and  fluorine  at  room  temperature  and  above. 

b.  Experimental  Determinations 

The  relative  rates  of  reaction  of  fluorine  with  both  thin  and  thick 
oxide  films  on  copper  and  nickel  as  well  as  with  copper  and  nickel  oxides  were 
determined,  using  the  constant  volume  passivation  apparatus.  Samples  of 
copper  and  nickel  powders  were  used  (1)  as  received,  (2)  after  hydrogen 
reduction  followed  by  exposure  to  ambient  air,  and  (3)  after  air  oxidation 
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at  elevated  temperature.  Reagent  grade  CuO  and  NiO  were  also  used.  Sur¬ 
face  areas  of  all  these  materials  were  measured  in  order  to  express  the 
amount  of  fluorine  reacted  on  an  equivalent  area  basis.  The  surface  areas 
are  given  in  Table  III. 

Weighed  samples  of  each  of  the  materials  listed  in  Table  III  were 
introduced  into  the  constant  volume  apparatus,  and  the  amounts  of  fluorine 
reacting  at  approximately  one  atmosphere  initial  pressure  and  80°F  were 
determined.  Figure  1  is  a  plot  of  the  amount  of  fluorine  in  milligrams 
reacting  per  1  CP  cm^  of  surface  as  a  function  of  time  on  the  copper  derivatives. 
A  similar  plot  is  given  in  Figure  2  for  the  nickel  materials. 

c.  Results  and  Discussion 

The  rate  of  reaction  of  fluorine  with  the  as -received  copper  and 
hydrogen-reduced  copper  are  nearly  identical.  When  expressed  in  terms 
of  the  amount  of  fluorine  reacting  for  equivalent  surface,  the  curves  in 
Figure  1  are  almost  superimposable.  It  may  be  assumed  here  that  the 
reacting  surface  is  Cu^C.  .There  is  considerable  evidence  that  the  thin 
oxide  on  copper  is  CujiD.  This  film  would  be  expected  also  to  have  re¬ 
formed  on  the  hydrogen-reduced  sample  when  exposed  to  air. 

The  MD-301  copper  powder  which  was  oxidized  in  air  until  a  black 
oxide  film  of  CuO  covered  the  particles,  reacts  more  nearly  like  the  reiigent 
CuO.  (Bottom  two  curves  of  Figure  1).  The  reacting  oxide,  CuO,  attains 
a  limiting  fluoride  film  very  rapidly  which  impedes  further  oxidation.  It 
appears  that  the  reaction  between  fluorine  and  CuO  nearly  ceases  after  about 
ten  minutes.  With  a  C^O  surface,  the  reaction  is  still  continuing  at  an 
appreciable  rate  for  30  to  60  minutes .  Obviously,  a  different  mechanism 
is  involved  which  is  probably  related  to  different  diffusion  characteristics 
in  the  different  oxide  films. 

No  simple  explanation  can  be  advanced  at  this  time  for  the  widely 
different  reaction  rates  of  fluorine  with  the  nickel  oxide  surfaces  as  shown 
in  Figure  2.  The  similar  curve  for  the  nickel  powder  and  NiO  lends  support 
to  the  belief  that  the  reactive  film  on  the  nickel  is  NiO,  but  this  is  not  sup¬ 
ported  by  the  curve  for  the  ignited  nickel  powder  which  was  obviously  covered 
with  a  heavy  film  of  NiO  (bottom  curve  of  Figure  2).  Additional  supporting 
X-ray  diffraction  or  electron  diffraction  evidence  must  be  sought  to  establish 
if  the  different  rates  and  apparent  film  thicknesses  formed  by  exposure  to 
fluorine  are  due  to  crystal  structure  or  orientation  effects,  or  are  due  to 
some  other  cause. 

3.  EFFECT  OF  ATMOSPHERIC  MOISTURE  ON  PASSIVE  FILMS 
a.  Introduction 

It  is  generally  conceded  that  water  vapor  has  a  deleterious  effect 
on  fluoride  films  although  the  exact  mechanism  is  not  clearly  understood. 

Many  inorganic  fluorides  are  hygroscopic,  forming  hydrates,  hence  it  is  not 
surprising  that  small  amounts  of  moisture  can  alter  and  affect  the  protective 
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Reaction  of  Fluorine  With  Copper  Oxidee  — 
One  Atmosphere  F,  Pressure  -  27°C  (80°F) 


character  of  a  fluoride  film.  Li  addition  to  the  possible  loss  of  film  integrity, 
the  subsequent  reaction  of  fluorine  with  adsorbed  moisture  or  with  hydrates 
can  result  in  formation  of  HF  which  may  be  excessively  corrosive  to  certain 
metals  and  alloys  in  a  system. 

Very  few  quantitative  data  are  available  concerning  interaction  of 
water  vapor  and  fluoride  films.  A  few  preliminary  experiments  with  passive 
films  on  nickel  and  Monel  were  reported  in  the  last  quarterly  report.!2' 
Kleinberg  and  Tompkins  (o)  reported  on  the  amount  of  fluorine  reacting  with 
samples  of  fresh  and  passivated  metal  powders.  The  passivated  powders 
were  exposed  to  atmospheric  moisture  (condition  and  time  of  exposure  were 
not  stated)  prior  to  a  second  passivation  with  fluorine  at  one  atmosphere. 

The  amount  of  fluorine  taken  up  in  the  second  passivation  ranged  from  a 
low  of  4  per  cent  of  the  first  passivation  (nickel  powder)  to  95  per  cent  of 
the  first  passivation  (Monel).  The  results  were  somewhat  erratic.  Replicate 
analyses  of  Monel  ranged  from  30  to  95  per  cent  comparing  the  second  pas¬ 
sivation  to  the  first. 

The  approach  which  has  been  used  in  this  investigation  is  as  follows: 
Samples  of  metal  powders  are  passivated  by  various  methods  described 
below,  then  exposed  to  fluorine  gas  at  near  one  atmosphere  pressure  and  the 
pressure  of  fluorine  gas  observed  as  a  function  of  time  in  an  isothermal 
closed  system  of  constant  volume.  This  procedure  is  repeated  on  a  fresh 
sample  of  powder  which  has  been  passivated,  then  exposed  to  50%  relative 
humidity  in  air  at  room  temperature.  The  pressure  dependence  is  compared 
with  that  of  an  identical  charge  of  fresh  powder  which  has  received  no  pas¬ 
sivation  treatment.  These  experiments  were  carried  out  in  the  const ut 
volume  passivation  system  described  in  detail  in  previous  reports.'**  ' 

In  interpreting  the  results  of  the  various  experiments,  the  simple 
assumption  is  made  that  if  a  sample  of  metal  powder  does  not  take  up  any 
additional  fluorine  upon  exposure  to  fluorine  gas  at  one  atmosphere  and 
80°F,  it  is  completely  passivated  in  the  sense  employed  herein.  On  the 
other  hand,  if  a  sample  of  powder,  following  some  specified  pre -treatment, 
takes  up  an  appreciable  amount  of  fluorine  when  exposed,  the  passivation 
is  not  complete-  Expressing  the  data  as  a  pressure  change,  rather  than  a 
fluoride  film  thickness  or  weight  of  fluorine,  does  not  require  one  to  make 
any  assumption  as  to  the  nature  of  the  reaction. 

b.  Experimental  Determinations 

Three  distinct  operations  were  required  to  determine  the  efficacy 
of  the  various  passivation  procedures  and  the  effect  of  moisture  on  them. 

These  are  described  as  follows. 

(1)  A  100  gram  sample  of  metal  powder  was  charged  to  the  sample 
bomb  of  the  constant  volume  passivation  apparatus.  The  apparatus  was 
evacuated  for  a  minimum  of  30  minutes,  a  volume  calibration  carried  out 
with  helium  gas  and  the  system  again  evacuated.  Fluorine  was  then  introduced 
to  the  system  and  the  system  pressure  was  measured  as  a  function  of  time 


as  fluorine  reacted  with  the  metal  powder.  The  initial  fluorine  gas  pressure 
was  near  one  atmosphere  and  the  sample  bomb  was  thermostat  ted  at  27°C 
(80°F). 

(2)  A  fresh  100  gram  sample  of  metal  powder  was  charged 
to  the  bond).  After  evacuation  for  a  minimum  of  30  minutes,  the  metal 
powder  was  subjected  to  one  of  the  passivation  treatments  described  in  the 
later  sections.  The  sample  bomb  is  equipped  with  valve  and  coupling  so 
that  the  passivation  treatment  can  be  conducted  outside  the  constant  volume 
apparatus.  After  completion  of  the  prescribed  passivation,  the  bomb  was 
evacuated  and  introduced  into  the  constant  volume  apparatus.  The  procedure 
under  paragraph  (1)  above  was  repeated  and  the  pressure  change  due  to 
additional  reaction  of  fluorine,  if  any,  was  recorded  as  a  function  of  time. 

(3)  The  operations  under  paragraph  (2)  were  repeated  using 
a  fresh  100  gram  charge  of  powder,  except  that  before  the  sample  bomb 
containing  the  passivated  powder  was  placed  in  the  const  ant  volume  apparatus, 
it  was  opened  up  to  expose  the  bomb  contents  and  placed  in  a  constant  humidity 
chamber  at  50%  relative  humidity  at  25°C  (77°F)  for  48  hours.  After  the 
exposure,  the  sample  was  evacuated  in  the  constant  volume  system  for  30 
minutes  before  continuing  the  experiment. 

The  pressure  changes  plotted  for  the  various  experiments  are 
directly  comparable  because  the  same  sample  size,  viz  100  gram,  was 
always  used  and  the  system  volume  was  always  constant  (430  ml  total). 
Corrections  to  A**  were  applied  for  large  variations  in  temperature  of  the 
unthermoslatted  parts  of  the  constant  volume  apparatus.  (It  is  impractical 
to  thermostat  the  entire  system,  for  example  the  gauge  volume,  hence  minor 
corrections  need  to  be  applied  for  ambient  temperature  variations.  ) 

c.  Results  and  Discussion  —  Stainless  Steel  316 

The  following  results  were  obtained  for  stainless  steel  316  alloy 
(Plasmadyne  Plasraalloy  No.  215-F,  Lot  No.  Q 10495).  A  100  gram  sample 
has  a  total  surface  area  of  1. 04  *  103  cm^.  Previous  data  indicate  that  a 
fluoride  film  of  7.  1  1  thickness  is  formed  in  one  hour  exposure  to  fluorine 
at  one  atmosphere  and  at  27°C  (80°F), assuming  the  reaction  to  take  place 
between  metal  and  fluorine  without  evolution  of  gaseous  reaction  products. 

(1)  Fluorine  Passivation  at  One  Atmosphere  —  The  data  are 
plotted  in  Figure  3.  Curve  1  shows  the  change  in  pressure  in  the  system 
due  to  uptake  of  fluorine  by  a  fresh,  unpassivated  sample.  Curve  2  is  ob¬ 
tained  after  prior  passivation  for  one  hour  at  one  atmosphere  fluorine 
pressure  at  27°C  (80°F).  On  the  basis  of  the  criterion  set  forth  in  paragraph 
3(a)  above,  the  sample  is  completely  passive  by  virtue  of  its  lack  of  any 
further  reaction  with  fluorine.  After  the  same  passivation  followed  by 
exposure  to  50%  relative  humidity  in  air.  Curve  3  is  obtained.  The  pressure 
change  after  one  hour  is  approximately  45%  that  of  the  unpassivated  sample 
(Curve  1).  The  rate  of  reaction  appears  to  be  slower  in  the  early  stages 
as  evidenced  by  the  initially  different  negative  slope  of  Curve  3  compared  to 
Curve  l. 
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Same  as  k>  plus  exposure  to  50%  relative  humidity  at  25°C 
(77°F)  for  48  hours 


Figure  3.  Exposure  of  Stainless  Steel  316  Powder  (100  g) 
to  Fluorine  -  27°C  (80°F) 


This  is  a  general  observation  (or  most  of  the  later  experiments  and  its 
significance  will  be  discussed  later. 

(2)  Fluorine  Passivation  at  One  Atmosphere  with  Incremental 
Build-Up  of  Pressure  —  This  experiment  is  very  similar  to  the  one  described 
in  paragraph  (1)  above  except  that  instead  of  abruptly  exposing  the  sample  to 
fluorine  at  one  atmosphere,  the  pressure  is  gradually  built  up  in  stages  with 
evacuations  between  pressure  increases.  This  is  a  common  method  of 
fluorine  passivation.  The  technique  is  applied  probably  for  two  reasons: 

(1)  it  helps  avoid  runaway  reaction  caused  by  burning  of  organic  contaminants, 
and  (2)  it  helps  avoid  diffusion  blocks  in  dead  ends  of  systems  or  long  runs 
of  pipe  or  tubing.  It  is  not  known  whether  a  better  or  more  effective  passive 
film  is  produced  per  se.  The  incremental  pressure  build-up  was  accomplished 
as  follows: 

Pump  sample  for  30  minutes 

Pressurize  with  fluorine  at  1  psia  for  5  minutes  —  pump  down 

Pressurize  with  fluorine  at  2  psia  for  5  minutes  —  pump  dovm 

Pressurize  with  fluorine  at  4  psia  for  5  minutes  —  pump  down 

Pressurize  with  fluorine  at  8  psia  for  5  minutes  —  pump  down 

Pressurize  with  fluorine  at  1  atmosphere  for  60  minutes  — 
pump  down  for  30  minutes. 

The  results  shown  in  Figure  4,  Curve  2,  indicate  that  the 
procedure  results  in  complete  passivation.  Curve  3  shows  a  pressure  change 
amounting  to  65%  of  the  first  passivation  after  one  hour.  The  somewhat 
greater  sensitivity  to  moisture  shown  here  perhaps  reflects  a  slightly  thicker 
fluoride  film  formed  although  this  is  conjecture. 

(3)  Fluorine  Passivation  at  Low  Temperature  —  The  data  are  plot¬ 
ted  in  Figure  5.  The  sample  passivated  at  liquid  nitrogen  temperature  (-195°C) 
in  fluorine  at  0.  1  atmosphere  for  four  hours  continued  to  take  up  a  small 
amount  of  fluorine  as  indicated  by  Curve  2.  It  is  not  conclusive  that  the 
passivation  to  the  extent  indicated  took  place  at  the  low  temperature.  Ad¬ 
sorption  of  fluorine  is  expected  to  take  place  at  liquid  nitrogen  temperature. 

The  adsorbed  fluorine  may  not  have  been  completely  removed  by  pumping, 

and  as  the  sample  warmed  up,  the  adsorbed  fluorine  could  have  reacted  with 
the  metal  surface.  Curve  3  for  the  moisture  exposed  sample  generally  falls 
in  line  with  the  two  previous  experiments . 

(4)  Passivation  in  Fluorine  at  High  Fressure  —  Data  for  the  sam¬ 
ples  passivated  at  60  atmospheres  (900  psi)  in  fluorine  for  one  hour  at  25°C 
(77°F)  are  presented  in  Figure  6.  Curve  2  shows  complete  passivation  and 
Curve  3  shows  a  relatively  large  pressure  change  for  the  humidity  exposed 
sample.  The  pressure  change  amounts  to  75%  of  that  for  a  fresh  sample 
after  one  hour  exposure.  This  observation  is  in  line  with  the  belief  that  a 
much  thicker  film  would  be  formed  at  the  high  pressure.  If  the  high  root 
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Figure  5.  Exposure  of  Stainless  Steel  316  Powder  (100  g) 
to  Fluorine  -  27°C  (80°F) 
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Figure  6.  Exposure  of  Stainless  Steel  316  Powder  1100  g) 
to  Fluorine  -  27°C  (80°F) 
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dependence  (5th  to  7th  root)  between  pressure  and  apparent  fluoride  film 
thickness,  as  established  for  nickel.  ”)  holds  for  stainless  steel  316,  ap¬ 
proximately  twice  as  thick  a  film  should  be  found  at  60  atmospheres  than  at 
one  atmosphere. 

(5)  Passivation  by  Compound  A  —  Figure  7  gives  data  for  samples 
passivated  in  Compound  A  vapor  at  one  atmosphere  for  one  hour  at  27°C 
(80°F).  Curve  2  reveals  that  a  sample  so  passivated  takes  up  a  small  amount 
of  fluorine  but  in  a  very  peculiar  maimer.  There  is  almost  a  linear  decrease 
of  pressure  with  time  rather  than  the  usual  curve  convex  to  the  abscissa. 
Curve  3  is  similar  to  Curve  2,  indicating  relatively  little  sensitivity  of  the 
passive  film  to  moisture.  It  is  unfortunate  that  technical  difficulties  pre¬ 
vented  carrying  these  curves  to  longer  intervals  of  time. 

(6)  Passivation  by  Compound  A  at  Higher  Temperature  —  In  this 
set  of  experiments  the  Compound  A  passivation  was  carried  out  at  71°C 
(160°F).  As  the  plots  in  Figure  8  show,  the  character  of  the  passive  film 
is  completely  changed.  Complete  passivation  is  indicated  by  Curve  2  while 
great  sensitivity  to  moisture  is  revealed  by  Curve  3.  The  uptake  of  fluorine 
exceeds  that  for  a  fresh  sample  (Curve  1)  by  50%. 

(7)  Passivation  by  Chlorine  Trifluoride  —  The  sample  passivated 
in  chlorine  trifluoride  vapor  at  one  atmosphere  for  one  hour  at  27°C  (80°F), 
appeared  to  be  completely  passivated  as  evidenced  by  the  horizontal  Curve  2 
of  Figure  9.  The  sample  exposed  to  water  vapor  took  up  over  85%  as  much 
fluorine  as  a  fresh  sample  indicating  considerable  sensitivity  to  water  vapor. 
The  passivation  in  chlorine  trifluoride  was  in  each  case  followed  by  pumping 
while  the  sample  was  heated  to  71°C  (160°F);  therefore,  retention  of  adsorbed 
chlorine  trifluoride  on  the  sample  should  not  be  excessive. 

(8)  Passivation  in  Bromine  Pentafluoride  —  Passivation  in  bromine 
pentafiuoride  vapor  was  investigated.  The  data  are  presented  in  Figure  10. 
The  rather  unexpected  observation  was  that  the  samples  took  up  very  large 
quantities  of  fluorine,  both  before  and  after  exposure  to  humidity.  Approxi¬ 
mately  three  times  as  much  fluorine  is  consumed  as  for  the  unpassivated 
sample.  There  is  a  strong  implication  that  by  reaction  with  metal,  or  by 
dissociation,  a  relatively  large  amount  of  bromine  trifluoride  is  left  in  the 
sample  which  subsequently  reacts  with  fluorine.  Bromine  trifluoride,  if 
present,  would  not  be  readily  removed  by  pumping  at  71°C  (160°F)  —  the 
temperature  employed  here. 

d.  Result*  and  Discussion  —Monel 

The  results  described  in  the  following  paragraphs  were  obtained 
with  Plasmadyne  Monel  206p*  -  Lot  No.  Q- 10435.  A  100  gram  sample  has 
a  surface  area  of  2. 02  x  10®  cm*.  Previous  results  have  shown  that  a 
fluoride  film  thickness  of  6.  7  A  is  formed  in  one  hour  in  fluorine  at  one 
atmosphere  at  27°C  (80°F)  assuming  that  the  reaction  is  between  metal  and 
fluorine  and  that  no  volatile  reaction  products  are  formed. 
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Same  as  fc>  except  followed  by  exposure  to  50%  relative 
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Figure  7.  Exposure  of  Stainless  Steel  316  Powders  (100  g)  to 
Fluorine  -  27°C  (80°F) 
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Figure  8.  Exposure  of  Stainless  Steel  316  Powder  (100  g) 
to  Fluorine  -  27°C  (80°F) 
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Figure  10.  Exposure  of  Stainless  Steel  316  Powder  (100  g) 
to  Fluorine  -  27°C  (80°F) 
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(1)  Fluorine  Passivation  at  One  Atmosphere  —  The  curves  are 
given  in  Figure  11  Cu*ve  1  is  the  pressure  change  as  a  function  of  time 
for  a  fresh  sample.  After  passivation  in  fluorine  for  one  hour  at  one  atmos¬ 
phere,  Curve  2  is  obtained.  There  is  a  gradual,  almost  linear  decrease  in 
pressure  with  time  but  this  seems  to  be  normal  for  Monel.  All  previous 
work  with  Monel  reveals  that  it  continues  to  react  with  fluorine  almost  in¬ 
definitely  so  far  as  known.  Unlike  stainless  steels  and  nickel,  the  pressure 
changes  continuously  with  time .  A  fairly  large  moisture  sensitivity  is 
indicated  by  Curve  3. 

(2)  Fluorine  Passivation  With  Incremental  Build-Up  of  Pressure  — 
The  data  are  given  in  Figure  12  and  are  virtually  identical  to  the  results  given 
in  paragraph  (1)  above. 

(3)  Fluorine  Passivation  at  Low  Pressure  -  Passivation  was  car¬ 
ried  out  in  fluorine  at  0.  1  atmosphere  for  one  hour  at  27°C  (80°F).  This 
was  the  first  time  a  low  pressure  passivation  was  attempted  near  room 
temperature.  In  view  of  the  apparent  complete  passivation  obtained  (see 
Curve  2,  Figure  13)  and  the  lower  sensitivity  to  moisture  revealed  by  Curve 
3,  this  passivation  technique  deserves  further  investigation. 

(4)  Passivation  in  Compound  A  Vapor  —  Passivation  in  Compound 
A  vapor  at  one  atmosphere  for  one  hour  at  2?°C  (80°F)  yielded  results  shown 
in  Figure  14.  The  results  were  very  similar  to  those  obtained  by  fluorine 
passivation  under  similar  conditions. 

(5)  Passivation  in  Chlorine  Trifluoride  Vapor  —  The  data  are 
given  in  Figure  IS.  Somewhat  lower  moisture  sensitivity  was  observed  than 
for  Compound  A  and  fluorine  under  similar  conditions  of  passivation. 

e.  General  Comments 

From  the  experiments  completed  to  date,  it  is  evident  that  passive 
fluoride  films  can  be  formed  on  stainless  steel  316  and  Monel  by  exposure  to 
fluorine.  Compound  A,  and  chlorine  trifluoride.  This  conclusion  is  based  on 
the  observation  that  exposure  to  these  compounds  results  in  a  surface  film 
which  is  resistant  to  further  attack  by  fluorine  at  a  pressure  of  one  atmos¬ 
phere  at  a  near  room  temperature.  The  use  of  bromine  pentafluoridc  to 
form  passive  fluorine  films  seems  to  be  inadviseable;  even  if  a  passive 
fluoride  film  is  formed,  a  reaction  product  i'*  evidently  left  on  the  surface 
which  reacts  further  with  fluorine.  Low  temperature  passivation  with 
fluorine  {-  i 95 °C)  appears  to  be  incomplete. 

The  reactivity  of  passive  fluoride  films  to  water  vapor  appears  to 
vary  greatly.  In  general,  the  reaction  takes  place  at  a  slower  rate  than  the 
initial  passivation.  The  fluoride  films  formed  by  chlorine  trifluoride  or 
Compound  A  are  most  reactive  to  water  vapor.  Whether  this  is  due  to  the 
film  thickness  or  composition  is  not  known.  There  is  some  evidence  that 
the  thinner  the  film  formed  by  fluorine  passivation,  the  less  additional 
fluorine  u  taken  up  following  exposure  to  moisture.  Is  appears  that  fluorine 
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Figure  II.  Exposure  of  Monel  Powder  (100  g)  to  Fluorine 
27°C  (80°F) 
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Figure  12.  Exposure  of  Monel  Powder  (100  g)  to 
Fluorine  -  27°C  (80°F) 
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Figure  13.  Exposure  of  Monel  Powder  (100  g)  to 
Fluorine  -  27°C  (80°F) 
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Figure  15.  Exposure  of  Monel  Powder  (100  g)  to 
Fluorine  —  27°C  (80°F) 


passivation  at  low  pressure  is  the  most  advantageous  passivation  procedure 
from  both  an  economical  point  of  view,  and  from  the  point  of  view  of  obtain¬ 
ing  films  less  sensitive  to  moisture  attack. 

4.  CHARACTERIZATION  OF  FLUORINE  PASSIVATION  FILMS  ON  COPPER 

SAMPLES 

Attempts  were  made  to  characterise  surface  films  formed  by  passivation 
on  copper  samples  by  means  of  reflection  diffraction  techniques.  The  copper 
samples  were  cut  from  0.037  inch  annealed  sheet  stock  (American  Brass 
Company,  99*46  Cu,  0.01  Fe)  in  the  form  of  rectangular  coupons,  7x8  mm 
in  size.  Surface  preparation  before  passivating  in  fluorine  consisted  of  wet 
grinding  on  600  silicon  carbide  paper  followed  by  etching  in  cold  concentrated 
HC1.  This  was  followed  by  rinsing,  drying  and  final  degreasing  in  Freon  11. 
Samples  were  then  subjected  to  the  following  treatment: 

1 .  Sample  A:  Exposed  to  fluorine  gas  at  one  atmosphere  pressure  for 
one  hour  (80  “F),  stored  in  vacuum,  never  exposed  to  air  before 
diffraction  analysis. 

2.  Sample  B;  Sample  A  after  exposure  to  dry  air  for  15  minutes  in  the 
microscope. 

3.  Sample  C:  Sample  A  after  exposure  to  air  (80  *F),  50%  relative 
humidity  for  two  days. 

4.  Sample  D:  Exposed  to  fluorine  at  200  *F,  stored  in  vacuum. 

5.  Sample  E:  Sample  A  after  exposure  to  air  (80  *F),  50%  relative 
humidity,  for  48  hours,  and  re-exposed  to  fluorine  gas  at  80  *F, 
one  atmosphere  pressure  for  one  hour. 

Copper  powder  samples  were  prepared  and  exposed  to  the  same  five 
reaction  conditions. 

a.  Technique  of  Reflection  Diffraction 

An  Hitachi  HU- 11  electron  microscope  with  a  reflection  diffraction 
attachment  RDA  was  used  with  75kv  acceleration  voltage  and  a  charge 
neutralizer  Type  SG-B  electron  spray  gun.  The  purpose  of  the  charge 
neutralizer  is  to  produce  a  low  voltage  electron  spray  from  a  helicoidal 
filament,  and  to  eliminate  surface  charge  in  the  specimen  area.  A  collected 
surface  charge,  particularly  in  insulating  and  semiconducting  materials 
may  cause  a  distortion  or  instability  of  the  diffraction  pattern. 

A  dry  box  (see  Figure  16)  was  attached  to  the  reflection  diffraction 
stage  for  specimen  manipulation  in  a  dry  argon  atmosphere.  The  micro¬ 
scope  column  was  purged  by  dry  argon  and  maintained  under  positive  pres¬ 
sure  during  change  of  specimens  and  introduction  of  the  diffraction  stage. 

The  reflection  diffraction  attachment  (RDA)  also  carried  a  reference  sample: 
deposited  aluminum  film  on  a  specimen  grid.  The  known  d-spacings,  (d)  of 
the  reference  sample,  were  used  for  determining  camera  length  (L)  and 
thus  for  calculating  the  crystallographic  d-spacings  of  the  specimen  under 
examination.  The  distances  R  (in  millimeters)  °f  observed  electron  dif¬ 
fraction  spots  from  the  non-diffracted  beam  o  .  the  radii  of  the  diffraction 
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Figure  16.  Argon  Filled  Dry  Box  Attached  to  the  Hitachi  HU- 11 
Electron  Microscope  for  Introduction  of  Specimens 
into  the  Reflection  Diffraction  Stage  Without  Exposing 
Them  to  Air.  (Note  charge  neutralizer  E) 
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rings  were  measured  and  cawerted  to  d-values  (in  Angstroms)  using  the 
calibrated  camera  constant  IA  (X  =  wave  length)  by  means  of  the  relation 

*■¥ 

From  d-values  so  obtained,  an  identification  may  be  made  using  the  ASTM 
X-ray  standard  card  file. 

b.  Results  of  Diffraction  Analysis 

When  metal  samples  were  exposed  to  fluorine  and  never  exposed  to 
air  (Sample  A),  a  rather  thin  crystallized  fluoride  coating  was  f<  ind,  as 
inferred  from  the  fact  that  diffraction  patterns  of  the  copper  substrate  pre¬ 
dominated  and  overshadowed  the  fluoride  patterns.  The  prominence  of  the 
copper  patterns  increased  during  electron  beam  irradiation  indicating  that 
a  non-crystalline  fraction  of  the  fluoride  film  was  gradually  decomposed  or 
evaporated  during  the  beam  treatment.  Diffraction  of  copper  oxides,  hy¬ 
droxides,  and  the  following  fluorides  was  observed:  Cu(OH)F  •  CuF,, 

CuF£  *  211^0  and  occasionally  CuF 2  (see  Table  IV  and  Figure  17).  Insigni¬ 
ficant  changes  were  noted  after  exposure  to  dry  air  for  15  minutes  (Sample 
B).  After  two  days  exposure  to  air  of  50%  relative  humidity  (Sample  C), 
fluoride  patterns  became  less  prominent  and  two  additional  diffraction  rings 
were  noted,  indicating  small  crystals  (less  than  100  1  diameter)  of  Cu20  and 
CuO  (see  Table  V  and  Figure  18).  In  certain  samples  exposed  to  moisture, 
thicker  and  non-uniform  chemical  films  were  noted  as  inferred  by  less 
prominent  copper  lines. 

When  the  exposure  to  fluorine  occurs  at  higher  temperatures  (200°F, 
Sample  D),  the  fluoride  diffraction  patterns  consist  of  spotty  rings  indicating 
a  uniformly  distributed  copious  amount  of  small  crystals  (see  Figure  19). 

The  major  fraction  of  fluoride  was  identified  as  Cu(OH)F  •  CuF^.  Some 
CuF2  and  also  Cu(OH)2  were  found  in  certain  areas  (Table  VI). 


When  the  samples  exposed  to  fluorine  and  moist  air  are  re-exposed 
to  fluorine  (Sample  E),  a  thicker  fluoride  coating  was  formed,  as  inferred 
by  disappearance  of  the  copper  substrate  diffraction  patterns  and  appearance 
of  GuFo  •  2HoO  and  Cu(OH)F  •  CuF,  patterns  with  higher  intensity  (Figure 
20  and  Table  VH). 

It  was  also  found  that  sheet  samples  and  powder  samples  exposed  to 
fluorine  and  moist  air  exhibited  diffraction  patterns  of  similar  composition. 
The  copper  sheet  samples  studied  in  detail  showed  that  the  formation  of  a 
passive  film  by  fluorination  of  surface  oxide  and  hydroxide  coatings  had  not 
been  completed  in  the  period  of  exposure  to  fluorine.  This  is  in  agreement 
with  the  observations  previously  reported'^*,  in  which  it  was  noted  that 
fluorine  uptake  by  copper  was  not  complete  after  one  hour  at  room  tempera¬ 
ture  and  one  atmosphere  pressure  of  GF2> 
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TABLE  IV.  COMPUTED  DIFFRACTION  PATTERN  OF  SAMPLE  A  AND  REFERENCE  LINES 
FOR  THE  COMPOUNDS  IDENTIFIED  (Principal  Lines  are  Underlined) 

Specimen _  ASTM  Reference  Pattern* 
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Figure  17.  Reflection  Diffraction  Pattern  of  Sample  A. 

Note  specimen  shadow  at  the  lower  part  of  the 
Figure.  Distinct  rings  originate  from  copper 
substrate.  Spot  pattern  (marked  by  commas) 
inside  the  smallest  circle  show  d-spacings 
characteristic  of  CuF^  .  ZH^O. 
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Figure  18.  Reflection  Diffraction  From  the  Surface  of  Sample  C. 

Note  less  prominent  copper  rings.  Hydrolytic  oxida¬ 
tion  products  of  the  copper  fluorides  are  identified 
mainly  as  two  new  CuO  and  Cu^O  rings,  pointed  out 
by  arrows,  and  disappearance  of  the  Cu(OH)F  .  CuF-> 
pattern. 
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Figure  19*  Reflection  Diffraction  From  the  Surface  of  Sample  O 
Fluor  mated  at  A  prominent  ring  (marked  by 

arrows)  appears  close  to  the  center.  The  computed 
d-spacing  indicates  Cu(GH)F  .  CuF^i  the  intensity  of 
the  diffracted  beam  indicates  copious  amounts  of  the 
crystalline  fraction 


TABLE  VI.  COMPUTED  DIFFRACTION  PATTERNS  OF  SAMPLE  D 
AND  REFERENCE  LINES  FOR  THE  COMPOUNDS 
IDENTIFIED  (Principal  Lines  au-e  Underlined} 
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ASTM  Reference  Patterns 
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Figure  20.  Reflection  Diffraction  of  Sample  E.  Note  the 
disappearance  of  Copper  Patterns  and  the 
prominence  of  spot  patterns  of  CuF?  .  2H?0 
and  Cu(OH)F  .  CuF2. 
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The  increase  in  Cu^O  and  CuO  after  exposure  to  humid  air  is  in 
accord  with  the  data  from  fluorine  uptake  experiments.  It  is  interesting 
that  the  Cu(OH)F  pattern  decreases  as  much  or  more  than  the  CuF ^  *  2H ^O. 


SECTION  m 


FUTURE  WORK 


During  the  next  reporting  period  work  will  be  completed  on  the  deter¬ 
mination  of  the  effects  of  water  vapor  and  other  environmental  factors  on 
fluoride  films.  The  determination  by  electron  diffraction  of  composition 
and  structure  of  fluoride  films  will  be  continued.  Work  will  be  extended  to 
their  metal  and  alloy  materials ,  and  fluoride  films  produced  by  reaction 
with  interhalogen  will  be  investigated. 

Various  passivation  procedures  utilizing  different  ranges  of  time, 
temperature,  and  pressure  will  continue  to  be  investigated.  The  efficiencies 
of  the  passivation  procedures  will  be  determined  by  measuring  the  addition 
reaction  with  fluorine  before  and  after  exposure  to  atmospheric  moisture. 
The  influence  of  flexing  of  the  passivated  metal  upon  stability  of  the  passive 
films  will  be  checked. 
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